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Abstract. —Weexamined the role of the red-backed salamander, Plethodon cine reus, in

controlling springtail (Collembola) abundance in a temperate deciduous forest. Salamander

abundance was manipulated in paired, replicated field enclosures during fall 1993 and

spring 1994, such that each cage either had four or zero salamanders m -. After four

weeks we sampled arthropod abundance with pitfall traps. The abundance of arthropods

was compared using two-way MANOVA(treatments = salamanders and season), fol-

lowed by univariate tests for each taxon. The effects of salamanders on arthropods was

not significant (Wilks' X = 0.76, P = 0.6), but Collembola were significantly more abun-

dant in the presence of salamanders. Season had a significant effect on arthropod abun-

dance (Wilks' A. = 0. 13, P < 0.0001); beetles, crickets, millipedes, and mites were more

abundant in the fall, and Collembola were more abundant in the spring. Stomach analysis

of salamanders showed that ants were their main prey item, and Collembola were not

among the prey taken. Wehypothesize that salamanders indirectly enhanced Collembola

abundance by preying upon their invertebrate predators.
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Arthropods such as Collembola (spring- demonstrated that "top-down" forces such

tails) are often abundant in forest litter, oc- as arthropod predators limit their abundance

casionally reaching densities of thousands (Clarke and Grant 1968, Ernsting and Joos-

to tens of thousands m - (Christiansen se 1974, Ernsting 1977).

1964, Peterson and Luxton 1982, Blair et One guild of predators with the potential

al. 1994). Their activities affect rates of lit- to influence arthropods in forest floor eco-

ter decomposition and nutrient cycling systems is terrestrial salamanders. Burton

(Crossley 1977, Schaefer 1990). However, and Likens' (1975) calculations estimate

little is known about factors that limit or that energy flow through salamander pop-

regulate the abundance of these arthropods ulations is equal to one complete turnover

(Schaefer 1990). Some empirical studies in- of the soil fauna each year (Hairston 1987).

dicate that "bottom-up" forces such as soil Salamanders are generalist predators that

moisture content determine Collembola feed on a variety of detritivorous, herbivo-

abundance (Joosse and Testerink 1977, Tes- rous, and predatory arthropods, including

terink 1981, Vegter 1987) while others have Collembola (Burton 1976, Mitchell and
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Woolcott 1985, Pauley 1995, Maglia 1996,

Wyman 1998). Because salamanders feed

on both Collembola and their arthropod

predators, salamanders may exhibit both di-

rect and indirect effects on Collembola

(Spiller and Schoener 1988, Moran et al.

1996).

Here we report a field experiment that

tested the hypothesis that salamanders limit

collembolan abundance through a direct

predator-prey interaction. Wetested this hy-

pothesis by manipulating densities of the

red-backed salamander, Plethodon cinereus,

in replicated field cages in a forest ecosys-

tem, and measuring the numerical response

of the arthropod community to salamanders

4 weeks later. We combined this field ma-
nipulation with an examination of salaman-

der stomach contents to correlate salaman-

der feeding with its possible effects on Col-

lembola.

Materials and Methods

We performed experiments at an old

growth, mixed hardwood deciduous wood-
lot in the Piedmont province of northern

Delaware (west of Pike Creek, New Castle

County). The canopy species in descending

order of abundance were Fagus grandifolia

Ehrh., Liriodendron tulipifera. Quereus

rubra L., and Carya glabra (Miller) Sweet.

Sub-canopy trees included Aeer rubrum L.,

A. saeeharum Marsh., Cornus florida L.,

and Fagus grandifolia Ehrh.

Plethodon cinereus was the only sala-

mander encountered at our site. We estab-

lished a 10- X -5 mgrid with 1-m- quadrats

to determine population density of salaman-

ders in our field site, so that we could later

establish treatment densities within the

range of naturally occurring densities. Dur-

ing a wet period, when salamanders were

active at the surface, we searched the entire

grid. Mean density of salamanders was 0.56

individuals m -, which is comparable with

results from other studies (Hairston 1987).

Local densities reached 5 individuals m -

in favorable sites, such as under coarse

woody debris.

To manipulate local salamander densities

for our experiment, we used 14 1-m^ PVC
frame enclosures completely covered with

a 1 mmnylon mesh (Bioquip Products,

Gardena, CA) so that organisms larger than

Collembola could not enter or exit cages.

We sunk these enclosures 20 cm into the

ground to prevent salamander movement
under them. Wearranged enclosures in a 7-

X -2 array spaced at approximately 1.5-m

intervals. Before manipulation of density

within enclosures, removed salamanders

that were present.

Four adult salamanders (5-8 cm) of un-

known sex were added to treatment enclo-

sures, whereas reference enclosures con-

tained no salamanders. Treatment and ref-

erence enclosures were paired, and treat-

ments alternated systematically along the

array (Hurlbert 1984). We placed a single

8-cm wide, 12-cm deep plastic cup (ap-

proximately 475 ml) in the center of each

enclosure before initiating the experiment.

Four weeks after salamander introduction,

covers were removed from the traps and ap-

proximately 50 ml of 95% ethanol was add-

ed to each trap. Traps were left open for 48

h, then removed and taken back to the lab.

Wecounted Collembola > 0.5 mmand oth-

er arthropods under a dissecting micro-

scope. Flies (Diptera), centipedes (Chilop-

oda), and earwigs (Dermaptera) numerical-

ly comprised < 0.5% of all taxa captured

and were not included in the analysis. Our
experiment was conducted in the fall 1993

and again in spring 1994. Taxon abundance

was analyzed using a two-way MANOVA
(factors = salamanders and season). Al-

though Collembola are of immediate inter-

est, MANOVAprovides both a global test

of treatment effects on all arthropods, as

well as a protected F procedure for each

taxon to reduce the probability of a type I

error (Manly 1994). Two-way MANOVA
allows us to account for variation due tem-

poral changes in Collembola abundance

while analyzing the variable of greater in-

terest: the impacts of salamanders on Col-

lembola. Because collembola abundance
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Table 1. Mean number (± 1 SE) of arthropods captured in pitfall traps in treatment and reference enclosures

in fall 1993 and spring 1994, New Castle Co., Delaware. Within taxa, means followed by different letter

superscripts are different at the a = 0.05 based on Fisher's L.S.D. test.

Fall Enclosure Spring Enclosure

Taxon
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or other carnivorous arthropods within our

enclosures. Without further data, the mech-

anisms by which salamanders influence col-

lembolan abundance will remain unre-

solved.

Our results suggest collembolan abun-

dance may be enhanced by salamander pre-

dation on collembolan predators, particular-

ly ants. Many ant species are omnivorous,

although some groups of ants (tribe Dace-

tini) specialize on Collembola (E. O. Wil-

son, personal communication). Ants are

also preyed upon by salamanders (Mitchell

and Wollcott 1985, Maglia 1996, Wyman
1998), and made up the largest proportion

of salamander prey items in this study.

Oddly, we captured very few ants in the

pitfall traps (Table 1). William J. Dress

(personal commmunication) observed that

ants were proficient at avoiding capture by

pitcher plants, which leads us to suspect

ants may have avoided our pitfall traps as

well. Alternatively, the ethanol in the traps

may have repelled ants. It is quite possible

that ants may have been under-represented

in our pitfall traps.

There was a significant seasonal effect on

arthropod abundance. In seasonal temperate

environments like our study site, insects

with a semelparous, univoltine life cycle are

killed each fall by cold, and eggs or other

stages overwinter. It is likely that many of

the taxa that were less abundant in the

spring because the experiment was con-

ducted prior to or shortly after egg hatch.

Collembola are active year round (Chris-

tiansen 1964) and population sizes are

known to vary seasonally in response to

moisture availability (Vegter 1987). Spring

in northern Delaware is characterized by

cool temperatures and abundant precipita-

tion, which may favor collembolan popu-

lations in spring compared to the area's

warmer and drier fall. Alternatively, col-

lembolan populations may be more active

in the spring when conditions are more fa-

vorable than other seasons, which could ac-

count for the difference in abundance be-

tween the fall and spring.

Short-term studies such as this one pro-

vide insights into how species might be

connected in food webs. However, because

the strength of any pairwise interaction of-

ten varies in space and time, the enhance-

ment of collembolan abundance by sala-

manders should not be generalized to other

sites, nor do we expect enhancement to oc-

cur every year at our study site (Magnuson

1990). Instead, our results indicate that sal-

amanders can exhibit positive, indirect ef-

fects on Collembola that could outweigh

the direct effects of predation. Further long-

term studies into detrital food web struc-

tures and dynamics are needed to under-

stand the numeric relationships between

salamanders, Collembola, and other forest

floor arthropods.
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